Semileptonic Λ b →ν l lΛ c (2595) and Λ b →ν l lΛ c (2625) decays in the molecular picture of Λ c (2595) and Λ c (2625) We evaluate the partial decay widths for the semileptonic Λ b →ν l lΛc(2595) and Λ b →ν l lΛc(2625) decays from the perspective that these two Λ * c resonances are dynamically generated from the DN and D * N interaction with coupled channels. We find that the ratio of the rates obtained for these two reactions is compatible with present experimental data and is very sensitive to the D * N coupling, which becomes essential to obtain agreement with experiment. 
I. INTRODUCTION
The interaction of mesons with baryons using chiral dynamics and unitary in coupled channels, the chiral unitary approach [1] [2] [3] [4] [5] has brought light into the nature of some baryonic resonances. The prediction of two states for the Λ(1405) [3, 6] has been one example of it, and is now supported by experiments as shown in Refs. [7, 8] (see also note in the PDG concerning this issue [9] ). In the charm sector the interaction of DN and coupled channels has also been considered [10, 11] and, as a consequence, the Λ c (2595) resonance is generated dynamically, bearing many analogies to the Λ(1405), one of which states couples strongly toKN . While for some time only pseudoscalar-baryon channels were used, at some point it became clear that the mixture of pseudoscalar-baryon and vector-baryon should be relevant in some cases. A first step in this direction was given in Ref. [12] , followed by Refs. [13, 14] in the light sector and by Refs. [15, 16] in the charm sector. Concerning the Λ c (2595), the explicit consideration of the DN and D * N channels, using pion exchange to connect them, is done in Ref. [15] . In Refs. [17, 18] , SU(8) symmetry was used, with a symmetry breaking mechanism that gives rise to the Weinberg-Tomozawa interaction in the SU(3) sector. Both in Refs. [15] and [18] , it was found that the Λ c (2595) (J P = 1/2 − ) couples strongly to DN and D * N in s-wave. The Λ c (2625) (J P = 3/2 − ) was also found dynamically generated, coupling strongly to D * N in s-wave.
In a recent paper [19] , the Λ b → π − Λ c (2595) and Λ b → π − Λ c (2625) decays were studied, and it was found that they were very sensitive to the DN and D * N couplings and to their relative sign. The experimental ratio of the branching fractions for the two decays was well reproduced with the results obtained in Ref. [15] . It was found that the coupling of Λ c (2595) to D * N was essential to obtain agreement with experiment, and if the relative sign of the couplings was reversed there was a cancellation of the DN and D * N components that makes the Λ b → π − Λ c (2595) partial decay width extremely small, in shear disagreement with experiment.
Support for the picture of Refs. [15, 18] should come from accumulation of experimental data which can be reproduced by the models. In this respect, in the present work we want to show one such reaction, the Λ b → (ν l l)Λ spectators in the reaction. 2) Since in the final state, the ud quarks still have I = 0, S = 0 and positive parity, the c quark must carry negative parity to be able to produce the 1/2 − , 3/2 − Λ * c states at the end. This means it will have L = 1 in the quark picture. 3) Since the Λ * c is generated from the DN, D * N interaction and other coupled channels, in the picture of Fig. 1 one must include hadronization, creating aqq pair with the quantum numbers of the vacuum. The coupling withqq to give a meson-baryon system must include the c quark to allow it to go back to the ground level, where it will be in the meson-baryon configuration.
The former considerations are similar to those done in the study of the Λ b → J/ψK − p reaction studied in Ref. [22] and measured later in Ref. [23] . They were taken into account in the study of the Λ b → π − Λ * c decays in Ref. [19] and we make use of the results here. It was found there that after taking into account the hadronization, including a singlet of SU(3)qq states (ūu +dd +ss), the following hadronic configuration appeared at the end, ignoring the larger mass D + s Λ component,
Similarly, the same combination of D * N would appear, and the dynamics of the production of these two cases was explicitly studied in Ref. [19] . We shall use some of the findings of that work here.
The dynamics in the present case is different than the one found in the π − Λ * decay. As shown in Refs. [24, 25] , the transition matrix is given by
with G F the Fermi coupling constant, V bc the CabibboKobayashi-Maskawa matrix element for the b → c transition, V had a factor accounting for the hadronic interaction, and L α , Q α the leptonic and quark operators,
When evaluating the sum and average over polarizations of |T | 2 , we will have
As shown in Ref. [24] , we have
In Ref. [24] , a sum and average over polarization of the quarks was also done for Q α Q † β , but here we cannot do that if we want to differentiate between the production of DN or D * N . We divert from the formalism of Ref. [24] at this point, but recall from there that in the semileptonic processes theν l l invariant mass is quite large, peaking around the end of the spectrum, which makes the Λ * come out with relatively small momentum, and, sharing this momentum with the c, u, d quarks, the c quark carries a small momentum at the end compared to its mass. Using the nonrelativistic expressions for γ µ and γ µ γ 5 and neglecting terms that go like p/m c , we find that only the γ 0 ≃ 1, and the γ i γ 5 ∼ σ i (i = 1, 2, 3) components survive in this case. Then, after a bit of algebra, one easily finds
where σ is acting at the level of quarks and the proper matrix elements with the quark polarizations, and sum and average over them, are still to be done.
III. QUARK MATRIX ELEMENTS
The σ operators in Eq. (6) act on the spins of the b, c quarks, but, as mentioned above, the c quark is in L = 1. Then the quark matrix element that appears is
where Y * 1m comes for the c quark and Y 00 (r) from the b quark, and e −i q· r stands for the plane wave of theν l l emitted pair with momentum q. In Eq. (7), J is the total angular momentum of the c quark, which coincides with the spin of the Λ * c , 1/2 for Λ c (2595) and 3/2 for Λ c (2625), since the ud pair and theqq carry both J ′ = 0. The operator O P will be 1 or σ depending on the terms in Eq. (6) . Expanding e −i q· r in partial waves, we have
After performing the dΩ(r) integration we get
with
In Ref. [19] , the matrix elements M were written in terms of the macroscopic σ and S + operators acting on the Λ b and Λ * c , where S + is the transition spin operator from spin 1/2 to 3/2, normalized such that
The results obtained are summarized in Table I , omitting the M E(q) factor. 
Coming back to Eq. (6), let us evaluate these terms now. We can take advantage that for the Λ b the spin of the b quark is the same as the one of the Λ b , since the ud pair comes S = 0. Then, in the sum over the third component of the Λ b spin, M , we would have
On the other hand, we can write the term p l · σ as
Now, according to Table I, 
Now if we want to evaluate the extra sum over polarizations of Λ b and Λ * c , we go to the macroscopic representation of Table I and have
Hence,
with A 1/2 = 1 and A 3/2 = 2.
There is still one more element to consider, which is to include the molecular dynamics of the Λ * c states. To connect to the DN and D * N components one must take into account the hadronization of theqq pair. This was done in Ref. [19] . The mechanism is depicted in J = 3/2. The result of the hadronic factor V had for these cases is given in Table II , up to a common global factor, where G DN and G D * N are the DN (D * N ) loop functions for the propagation of these states in Fig. 2 , and g R, DN and g R,D * N the couplings of the Λ c (2595), Λ c (2625) to the DN and D * N states. All this information is given in Ref. [15] and we summarize it in Table III. TABLE II: Contributions to V had from DN and D * N in the coupling to J = 1/2 and J = 3/2 from Ref. [19] . The couplings gi and the loop functions Gi are obtained in Ref. [15] .
a Note change of sign in the D * N case, as discussed in Ref. [19] , because in Ref. [15] V 2 eff for the DN → D * N transition was calculated and the positive sign for V eff was taken by default. The right sign, corresponding to π exchange, is negative. This sign is not relevant for the spectrum discussed in Ref. [15] , but it matters here. With all these ingredients, we can write
where C is a global common factor that contains M E(q) 2 . With values of M inv (ν l l) large, the values of q are not large. We can consider it a smooth function over the phase space. However, since the only observable that we want to evaluate is the ratio of branching fractions, this ratio is essentially given by the ratio of A J V had (J) for the two resonances since the integrals of phase space are practically identical for the two resonances. Before we perform the numerical calculations of the phase space, we can already quote here that
and this should be very similar to the final result considering the slight differences in the phase space.
IV. EVALUATION OF THE WIDTH
The width for the decay into three particles is given by
where p Λ * c = − q is the momentum of the Λ * c in the rest frame of Λ b , andp l the lepton momentum in theνl rest frame, respectively. One can see that the masses of the lepton and neutrino, which appear because of our choice of normalization of the fermion field, cancel in the final expression of Eq. (20) . Once we arrive to this point we can come back to see why the σ · p r term vanishes in the phase space integration. To see that, it is interesting to make a boost from theνl rest frame to the Λ b rest frame where theνl pair has an energy E νl and a momentum q. We obtain
where p l and p l are the lepton momenta in the Λ b rest frame and in theνl rest frame, respectively, andp 0 l the lepton energy in theνl rest frame. Since p ν = − p l , then
where we have considered thatẼ ν =Ẽ l , assuming zero mass for both of them.
We can see in Eq. (22) that when integrating over dΩ l the vector p r , proportional to p l , will vanish in the integration.
One last point is a practical one to reduce the integral of Γ in Eq. (20) to just one numerical integration. For this we follow the steps of Ref. [24] . 
V. RESULTS
We evaluate first On the other hand, by taking C constant in Eq. (17) and using Eqs. (17), (25), (27) 
As we can see, this result is practically identical to the one obtained in Eq. (19) . The effect of considering the different phase space in the two reactions of Eq. (28) is an increase of the ratio by 3% with respect to the result obtained in Eq. (19) . The experimental data from the PDG are [26] BR[Λ b →ν l lΛ c (2595)] = 7.9
The ratio, summing in quadrature the experimental errors is
We can see that there is agreement between theory and experiment within errors. The agreement obtained is not trivial and essentially tied to the D * N component of the Λ * c (2595) resonance. Should there be no coupling to D * N , we would have obtained a ratio for Eq. (28) of the order of 0.1, clearly in contradiction with experiment, even within the large er-rors. On the other hand, should the relative sign between g R,D * N and g R,DN be the opposite, we would have obtained a ratio for Eq. (28) of 0.02 in shear contradiction with experiment.
The reactions studied and their ratio of widths give support to the molecular picture of the Λ c (2595) and Λ c (2625) as dynamically generated from DN, D * N and other coupled channels, described in Ref. [15] , with DN and D * N as the more important components. Together with the results obtained in Ref. [19] for the Λ b → π − Λ c (2595) and Λ b → π − Λ c (2625), they provide a boost to this molecular picture. It would be good to have evaluations of these ratios with different pictures, as well as have more experiments with the production of these resonances which can be contrasted with the different pictures. [15] we can evaluate the rates for these transitions, up to a common factor involving radial matrix elements of the b and c wave functions. We do not evaluate this matrix element, which involves an excited c quark state in L = 1, but calculate the ratio of partial decay widths, where this factor cancels. We obtain results which are in agreement with experiment, within errors, and note that the agreement is obtained thanks to the coupling of the Λ c (2595) to the D * N component, which was neglected in early studies of this resonance. This agreement adds to the one found before for the Λ b → π − Λ * c reactions. One should note that the ratio found for these latter branching fractions (Λ c (2595) versus Λ c (2625)) was about 0.74, while the one for the semileptonic reactions has been found of the order of 0.4. The experimental data also follow this trend, the ratio for π − Λ * c secays is of the order of 1.0±0.6, while the one of the semileptonic decays is about 0.6 ± 0.4. The relative weight of these ratios for the central values is very similar in the theory and the experiment.
The results obtained with these reactions give support to the molecular picture for these two Λ * c resonances. Work with other models and checks for further experiments will help us gain further insight on the nature of these resonances, and new experiments producing these two resonances should be encouraged.
